ADDITIONAL INDEX WORDS. fertilizer management, plant nutrient uptake, nutrient use efficiency, root development, soil nutrient availability SUMMARY. Right fertilizer placement is one of the 4Rs of an effective nutrient stewardship system and should be combined with considerations for the right fertilizer source, rate, and timing. Fertilizer placement decisions depend on mobility of applied nutrients in the soil and the depth and distribution of the crop's root system. Various methods are used to apply fertilizers to horticultural crops, including broadcasting, banding, fertigation, foliar application, and microinjection. Generally, the most appropriate method for any crop increases productivity and profitability and improves fertilizer use efficiency but varies depending on the nutrient element, fertilizer source, soil characteristics, cultural practices, stage of crop development, weather conditions, and farming enterprise constraints. Comparisons among application methods are available for many crops and provide useful information for improving fertilizer placement practices, but many practical questions such as how fertilizer source and availability are affected by irrigation interactions or whether there are ways to manage crop roots for more effective nutrient uptake still remain.
SUMMARY. Right fertilizer placement is one of the 4Rs of an effective nutrient stewardship system and should be combined with considerations for the right fertilizer source, rate, and timing. Fertilizer placement decisions depend on mobility of applied nutrients in the soil and the depth and distribution of the crop's root system. Various methods are used to apply fertilizers to horticultural crops, including broadcasting, banding, fertigation, foliar application, and microinjection. Generally, the most appropriate method for any crop increases productivity and profitability and improves fertilizer use efficiency but varies depending on the nutrient element, fertilizer source, soil characteristics, cultural practices, stage of crop development, weather conditions, and farming enterprise constraints. Comparisons among application methods are available for many crops and provide useful information for improving fertilizer placement practices, but many practical questions such as how fertilizer source and availability are affected by irrigation interactions or whether there are ways to manage crop roots for more effective nutrient uptake still remain.
T he 4R nutrient stewardship concept was introduced by Bruulsema et al. (2009) to define the right source, rate, time, and place to apply fertilizers to produce not only the most economical outcome in any given crop but also to provide desirable social and environmental benefits essential to sustainable agriculture. The concept was structured around agronomic crops, including corn (Zea mays), soybean (Glycine max), and wheat (Triticum aestivum), but the principals are easily adaptable to other cropping systems. In this article, the utility of the concept is illustrated to discuss the importance of ''right'' fertilizer placement in horticulture.
Proper fertilizer placement is an integral part of effective and appropriate crop nutrient management. It is basically defined as applying the fertilizer to a location in the soil that maximize plant nutrient uptake and minimize soil nutrient losses (because of leaching, volatilization, and runoff as well as immobilization associated with soil chemical and microbiological processes). Considerations include movement and availability of soil nutrients, size and distribution of the crop's root system, and the method of fertilizer application. Fertilizers placed correctly ensure that nutrients are readily available for plant uptake during peak and critical crop demand periods and reduce any potential losses that may result in negative economic and environmental consequences. This article will address fertilizer placement according to common and basic factors, recognizing that final placement decisions are site and situation specific.
Factors affecting fertilizer placement
SOIL NUTRIENT MOVEMENT AND AVAILABILITY. Soil nutrients move to plant roots by a combination of mass flow and diffusion (Barber, 1995) . Mass flow occurs when dissolved nutrients are transported to the root surface by convective water movement driven by evapotranspiration and percolation and subsurface flow of water following rain or irrigation. Diffusion, on the other hand, is a result of concentration gradients created when the uptake rate of ions exceed the supply by mass flow. In general, mass flow generally occurs over much longer distances than diffusion. The relative contribution of each process to nutrient movement depends on soil type and conditions, plant species (because of differences in water use and nutrient uptake), and the chemical characteristics of the particular nutrient. In many arable soils, most of the nitrogen (N) in nitrate form (NO 3 -N), calcium (Ca), magnesium (Mg), sulfur (S), copper (Cu), boron (B), and manganese (Mn) move to the roots by mass flow, whereas ammonium-nitrogen (NH 4 -N), phosphorus (P), potassium (K), iron (Fe), zinc (Zn), and molybdenum (Mo) move largely by diffusion; however, any nutrient may move primarily by diffusion when deficient, and most can move by mass flow when adequately supplied and soil sorption of the nutrient is limited.
Numerous studies have noted the importance of nutrient movement associated with placement of P fertilizer. In most soils, P moves almost entirely by diffusion, especially under cooler conditions, advancing only a few centimeters over several months. Soluble P, whether derived from fertilizer or natural weathering, reacts with clay, Ca, Fe, and aluminum (Al) compounds in the soil and is converted readily to less available forms by soil P fixation. In general, fine-textured soils such as clay loams have a greater P-fixing capacity than sandy, coarse-textured soils (Harris et al., 1996) . Potassium is also attracted to the surface of clay minerals, where it may be firmly bound or fixed between the clay layers in a form slowly available to plants. The (Korcak, 1988) .
Sulfur in sulfate form (SO 4 -S) absorbed by plant roots is also mobile in soil similar to NO 3 but tends to be sorbed more by clay particles. In soils with sandy topsoil and relatively high amounts of clay in the subsoil, crops may become S deficient during establishment but respond little to S application once the roots penetrate the subsoil (e.g., Brennan and Bolland, 2006) . Sulfur fertilizers in this case are often applied next to the seeds or young plants, either before or shortly after planting.
The amount of movement of fertilizers and nutrients is dependent upon availability of water in the soil or soilless substrate. Both mass flow and diffusion decrease at lower soil water contents as root water uptake declines and the pathway for nutrient ions to root surface becomes more tortuous. This often happens in topsoil, especially under warm, dry conditions when transpiration is high Barber, 1985a, 1985b; Seiffert et al., 1995) . Without irrigation, placement of fertilizers below the soil surface can increase availability of N and other nutrients during these dry periods (Eck and Fanning, 1961) . Although fertilizer placement is considered to be particularly important under such circumstances, greater benefits have been found with irrigation than without it, which suggests a possible synergism between fertilizer placement and soil moisture (Rahn, 1996) .
Numerous other factors affect movement and availability of soil nutrients, including temperature, soil pH and redox potential, soil organic matter content, soil compaction, interactions with other nutrients, root exudates, and biological activity of soil fauna and microorganisms in the soil and rhizosphere. The relative importance of each to nutrient availability is often site specific and may change over the season. At lower springtime soil temperatures, soil chemical reactions and nutrient movement to plant roots are typically much slower than during summer months. To minimize this problem, small amounts of P and K fertilizer are often placed close to the seeds at spring planting so that the nutrients are readily available at germination (Stone, 1998) . Certain practices such as mulching likewise affect soil temperature (Tarara, 2000) and therefore may also affect nutrient availability and uptake. Since organic mulches such as sawdust often cool the soil, placing fertilizers closer to the roots may be more essential when using these products; the opposite may be true when using plastic mulches, which often warm the soil (Kumar and Dey, 2011) .
Soil pH affects availability of soil nutrients mainly through its influence on nutrient solubility and ionic form. At different pH levels, some nutrients may be deficient, whereas others might reach concentrations high enough to cause problems with toxicity (Epstein and Bloom, 2005) . For example, at high basic pH, most micronutrients, including Fe, B, Cu, Mn, and Zn, suffer from solubility problems, whereas the macronutrients, with the exception of P, become more available. Fertilizers often affect soil pH and thereby may indirectly affect the solubility of other nutrients. The most obvious is the source of N fertilizer used. Nitrate fertilizers often increase soil pH in the rhizosphere through hydroxyl ion (OH -) exchange during root uptake of NO 3 -, whereas NH 4 fertilizers acidify the soil largely through the process of nitrification as well as through hydrogen ion (H + ) exchange during root NH 4 + uptake. These processes have important effects on P availability near the roots, as well as that of micronutrients. Under very acidic conditions, P is precipitated as Fe or Al phosphates of low solubility. Maximum availability of P generally occurs in a pH range of 6.0 to 7.0, which is sometimes a benefit of liming acid soils. Heavy applications of organic materials such as manure, plant residues, or green manure crops to soils with high pH values not only supplies soil nutrients through mineralization, but upon decomposition, provides acidic compounds which increase the availability of mineral forms of P and micronutrients.
Interaction between individual soil nutrients may also influence placement of fertilizers due to a mix of plant physiology, soil biology, cation competition, etc. Application of NH 4 -N with P, for example, increases P uptake from a fertilizer as compared with applying P fertilizer alone. Application of elemental S or reduced sulfur materials such as ammonium thiosulfate may also increase the availability of P on neutral or basic soils, when the S is oxidized by soil bacteria to produce sulfuric acid (Tisdale et al., 1985) . As a result of cation competition, high K fertilization can decrease the availability of Mg to the plant and may result in Mg deficiency of crops grown on soils that are already low in Mg [e.g., chrysanthemum (Chrysanthemum sp.) and grape (Vitis sp.) (Branson et al., 1968; Peacock and Christensen, 1996) ]. Conversely, crops grown on soils high in Mg can suffer K deficiency, especially if the soils are high in P and low in K. In such cases, K and Mg fertilizers are often applied together as potassium magnesium sulfate.
ROOT SYSTEM DEVELOPMENT. As a plant's root system develops, the actively growing roots move into new soil spaces and intercept plantavailable nutrients. In general, plants with higher amounts of root surface area intercept more soil nutrients. Interception of these nutrients may be enhanced by mycorrhizal fungi, which colonize the roots and transfer soil nutrients to the host plant from a finely branched network of external hyphae (Smith and Read, 2008) . Root and hyphal interception is responsible for an appreciable amount of Ca uptake, as well as Mg, Zn, and Mn (Barber, 1995) .
• December 2011 21 (6) For efficient uptake of plant nutrients, fertilizers should generally be placed as close to the plant roots as possible. Research on apple (Malus ·sylvestris var. domestica), grapefruit (Citrus ·paradisi on Citrus aurantium rootstock), and grape (Vitis rupestris · Vitis riparia) indicates that nutrient uptake is highest in young roots less than 20-d old, and uptake rates decline sharply as the root ages (Bouma et al., 2001; Volder et al., 2005) . Thus, applying fertilizer where new root growth occurs allows plants to take up more nutrients and reduces the risk of fertilizer loss, provided nutrient concentrations remain low enough to avoid salinity problems and prevent damage to the roots. New root production is regulated at least in part by soil temperature (Kasper and Bland, 1992; McMichael and Burke, 1998) , although it is also affected by stage of plant development and the availability of soil water and nutrients (Barber et al., 1988; Dong et al., 2001; Hogue and Neilsen, 1986; Jackson and Bloom, 1990; Tagliavini et al., 1991; Tsegaye et al., 1995) . In annual and transplanted perennial crops, new roots emerge from the seed, bare root, or root ball and develop in response to favorable soil conditions. Fertilizers are thus often applied in the vicinity of the seed or roots of the young plants [e.g., by banding with the seeds during sowing or by mixing with the soil in the bottom of the planting hole before transplanting (Watson, 1994) ]. In established woody perennials, new roots are generally considered to extend a distance in the soil equivalent to the spread of the branch tips, referred to as the tree or shrub dripline or slightly further. Fertilizer recommendations are often based on this assumption. However, excavation of root systems of trees grown in Florida and New Jersey revealed that the lateral spread of the root system extended well beyond the dripline in six species examined (Gilman, 1988) . On average, the tree roots spread close to three times the spread of the branches. Research is needed to determine optimum placement of fertilizers in mature trees and shrubs.
Rooting depth may also be an important consideration when applying fertilizers. The vertical distribution of roots increases with plant age and varies considerably in crops, even among cultivars of the same species (Sponchiado et al., 1989; ThorupKristensen and van den Boogaard, 1998) . In general, shallow-rooted plants are probably more sensitive to fertilizer placement than those that are deep-rooted as mobile nutrients such as NO 3 -N are more easily leached below the root zone (although care is also needed when applying immobile nutrients such as P to deep-rooted crops). Therefore, more care is needed when applying fertilizers soon after planting or to crops with shallow root systems. To illustrate, northern highbush blueberry (Vaccinium corymbosum) plants were fertilized on either one side or both sides of the planting bed using equal amounts of N fertilizer (Table 1) . Roots were concentrated in the top 20-30 cm of soil profile, which is common in blueberry (Bryla and Strik, 2007) . When fertilizer was applied to only one side, plants had lower leaf N concentrations (on the east side of the plant) than those fertilized on both sides, indicating the plants fertilized on both sides used more of the N fertilizer and less fertilizer probably leached below the roots. Gough (1984) observed in potted plants with split root systems that blueberry had limited ability to transfer nutrients from roots on one side of the pot to shoots on the other side. However, this does not appear to be the case in the field as leaf N levels were similar on both sides of the plant even when fertilizer was applied to only side (Table 1) .
Plant roots often grow preferentially in regions of soil where water and fertilizer are applied. Root growth is especially stimulated by localized application of N and P (Drew 1975; Rose et al., 2009) , and therefore both N and P fertilizers are often placed together at planting (Jing et al., 2010) . Root growth is also stimulated by irrigation, and in dry soils will concentrate where soil water availability is highest. Figure 1A shows the typical effect of drip irrigation on root distribution in peach (Prunus persica var. persica) trees grown in central California. In this case, nearly all the fine roots were located just above and below the buried drip emitters, limiting tree access to both soil water and nutrients. In comparison, roots from trees irrigated by microsprays were evenly distributed throughout the soil profile (Fig. 1B) . Drip irrigation likewise produced shallow, concentrated root systems in apple trees on dwarfing rootstock, resulting in nutrient deficiencies such as K, not normally observed in traditional sprinkler-irrigated orchards with widely spaced trees (Neilsen et al., 1997) . Clearly, broadcasting fertilizers over the soil surface provides limited benefit to plants irrigated by drip. at a rate of 150 kgÁha -1 (133.8 lb/acre) N during the year of the study; lower rates of N were applied to both sides of each treatment in previous years, following the recommendations of Hart et al. (2006) . The sawdust was removed from the banded area before each fertilizer application and replaced after the fertilizer was applied; the fertilizer was washed in by rain and always applied a day before a forecasted rain event. The leaf samples were oven-dried immediately after collection and analyzed for percent N using a combustion analyzer. y Means were separated within columns using Fisher's protected least significant difference test at the 0.05 level. NS, *Nonsignificant or significant at P £ 0.05, respectively. Therefore, many growers using drip apply fertilizers by fertigation (i.e., inject soluble fertilizers through the irrigation water). With fertigation, the amount, concentration, and timing of fertilizers applied are easily controlled (Kafkafi and Tarchitzky, 2011) . Fertilizer placement is also easily controlled through emitter spacing and the number and location of drip laterals in each row.
Fertilizer placement methods
Methods commonly used to apply fertilizers to horticultural crops are summarized in Table 2 . They include broadcasting, banding, fertigation, foliar application, and microinjection. The choice of method varies depending on the crop, the type and source of fertilizer, cultural practices, availability and cost of the application equipment as well as other economical considerations, and personal preference. The ideal method for any crop will maximize plant uptake of the fertilizer nutrients without interfering with uptake of other nutrients, minimize nutrient losses, and reduce the extent of nutrient immobilization in the soil. In many cases, a combination of methods may be appropriate, depending on the fertilizer source and the stage of crop development.
BROADCAST. Broadcast fertilizers are spread evenly over a field or landscape using hand-operated or wheeled spreaders or dropped from an aircraft. The fertilizer may be either left on the soil surface as a ''topdress'' or ''incorporated'' into the soil by disking or plowing. Nutrients that are often broadcast include N, P, K, S, Ca, Mg, and B. Copper, Mn, and Zn are also sometimes broadcast, although banding or foliar application is typically more efficient.
Topdress broadcast application is usually applied after planting and washed in by rain or sprinkler irrigation. It is an easy, inexpensive way to apply fertilizers to large areas without mechanically damaging the plants. Topdressing is often used in horticulture for lawns and large areas of landscaping but may be practiced in crops grown in dense stands such as cranberry (Vaccinium macrocarpon) and lowbush blueberry (Vaccinium angustifolium), in plants with widespread root systems such as citrus (Citrus sp.) and nut trees, in fertile soils, especially when high rates and readily soluble forms of N fertilizers are applied, and when applying K fertilizers to sandy soils. The method is inefficient, however, for widely spaced crops, for application of immobile nutrients such as P, Fe, and Zn, and for applying N fertilizer in sandy soils where NO 3 -N is readily leached. It also stimulates weed growth and may enhance N losses associated with denitrification and volatilization. Incorporated broadcast application is typically done before planting and may be used in any crop to improve the general soil fertility. Because the fertilizer is mixed in the soil, less mobile nutrients such as P and K are more available to plant roots. Fertilizer injury is minimized by this method, but on deep, sandy soils, N and S may be lost by leaching, especially when followed by heavy rains. More fertilizer is required to obtain equivalent yields in row crops than is needed with banding.
BANDING. Banded fertilizers are placed in a concentrated area along the plant row. The fertilizer may be placed with the seed at planting as ''pop-up'' fertilizer or placed near the seed or transplant as ''starter'' fertilizer. A band of fertilizer applied on or below the soil surface after planting is commonly referred to as a ''sidedress'' application. Fertilizer banding is often practiced in crops planted in wide rows. The most common banded fertilizers are N and P, although S and micronutrients such as Zn can be applied efficiently as starter fertilizers.
Pop-up and starter fertilizer may increase early growth with considerably less fertilizer than broadcasting because the nutrients are located directly near the plants. These fertilizers generally contain low amounts of soluble N and high amounts of P. The N improves P uptake, particularly during the spring when soil temperatures are cooler, and the P promotes root growth and plant vigor (Burns et al., 2010) . A good response in establishment and early growth has been shown in carrot (Daucus carota var. sativus), cabbage (Brassica oleracea var. capitata), onion (Allium cepa), lettuce (Lactuca sativa), and green bean (Phaseolus vulgaris) to small quantities of P and N fertilizers injected at sowing beneath the seeds (Stone, 1998 (Stone, , 2000 Stone et al., 1999) . The nutrients in this case were ideally placed to produce a significant growth response and are much more effective than a similar quantity of broadcast nutrient. Positioning the fertilizer close to seed or plant also decreases the amount available to weeds and may reduce problems with root disease. Deep banding of N, P, and S fertilizer below each seed row increased growth and yield compared with banding between alternate seed rows in cereals exposed to root disease (Cook et al., 2000) .
A major concern with the use of pop-up and starter fertilizers is the potential for salt injury or ammonia toxicity if the fertilizer rate is too high. Severe stand reductions and yield losses may occur with the use of excessive rates of seed-or transplant-applied fertilizers, even in larger plants. A N-P-K fertilizer mixed in the soil under 2-year-old rabbiteye blueberry [Vaccinium virgatum (synonym Vaccinium ashei)] before planting caused up to 54% of the plants to die compared with 0% to 6% when no fertilizer was applied (Austin and Bondari, 1989) . Many N and K fertilizers have high salt indexes. Consequently, when placed too close to seeds or transplants, they can decrease seed germination and plant survival. This fertilizer injury is most severe on sandy soils, under dry conditions, and with high rates of fertilization. Pop-up and starter fertilizers also concentrate root growth where the fertilizer is applied, potentially reducing the plant's ability to acquire water and nutrients during later stages of development. Starter fertilizer solution concentrated new root development in broccoli (B. oleracea var. italica), which later increased the crop requirement for irrigation (Rahn, 1996) .
Sidedress fertilizer is used to supplement fertilizers applied preplant or during planting. Most vegetables require a sidedress application of N fertilizer after thinning to meet N demands for continued crop growth. Sidedress fertilizer may be placed in a band on the soil surface and incorporated by watering or tillage or deep banded below the soil surface with a knife or shank. Subsurface placement is normally used to control N losses. Anhydrous ammonia, for example, although rarely used in horticultural crops, is usually placed and sealed below the surface to eliminate direct volatilization losses of the gaseous ammonia. Incorporating urea fertilizers is also important, especially in no-till and turfgrass situations where volatilization of ammonia is aggravated by large amounts of organic material on the soil surface. Tilled and shanked fertilizers should be applied far enough from the plant to avoid root injury.
Subsurface sidedressing places fertilizer directly near the roots and reduces soil P and K fixation because compared with broadcasting the total amount of contact between the soil and the fertilizer is minimized. These benefits improve P and K use efficiency and therefore reduce the amount of fertilizer needed. A sidedress of K fertilizer restricted to the herbicide strip substantially reduced the amount of fertilizer needed to maintain optimal nutrient levels in young apple trees compared with broadcasting the fertilizer (Ystaas and Frøynes, 1993) . Sidedressing, however, may increase the loss of N and S fertilizers if the nutrients are leached by rain or irrigation before being absorbed by the crop. The method also slows fertilizer application compared with broadcasting and requires more expensive equipment or equipment modifications.
FERTIGATION. Fertigation is the practice of applying soluble fertilizer through the irrigation water. The practice has increased dramatically in recent years, primarily due to higher use of drip and other low-flow irrigation systems such as microsprinklers, where fertilizers are injected easily. In the United States, drip and microsprinkler irrigation increased from 3.0 million acres in 2003 to 3.8 million acres in 2008 (U.S. Department of Agriculture, 2009). These systems often reduce irrigation water use and increase uniformity of water and fertilizer applications compared with the flood, furrow, and sprinkler systems they replace. Several advantages of fertigation include reduced delivery costs (no need for tractors or spreaders), greater control of where and when the fertilizers are placed, the ability to target application of specific nutrients during particular stages of crop development, and the potential to reduce fertilizer losses by supplying only small amounts of fertilizer to the plants as needed. Disadvantages include costs associated with the need for higher fertilizer quality (i.e., purity and solubility) and the capital costs of the equipment required to inject the fertilizer through the irrigation system.
A large range of fertilizers, both solid and liquid, are suitable for fertigation, but precautions are necessary when mixing fertilizers to prevent the nutrient elements from precipitating and clogging the irrigation emitters.
For example, fertilizer solutions containing Ca should not be mixed with those containing phosphates or sulfates, unless the solution pH is sufficiently acidic (Kafkafi and Tarchitzky, 2011) . Many fertilizers are corrosive and may harm metallic components of the irrigation system such as steel pipes, valves, filters, and injection units; plastic or stainless steel components are therefore preferred.
Fertilizer injection systems range from simple, inexpensive devices such as venturi-type injectors, which uses vacuum pressure created by flowing water through a constricted section of pipe to transfer fertilizer solution from a fertilizer tank to the irrigation line, to more expensive equipment, such as positive-pressure injection pumps, which operate using hydraulic energy or electricity to inject the nutrient solution. Complex systems such as those used for ''open hydroponics,'' where the entire nutrient needs of the crop are supplied by the fertigation system, rely on a series of control units that allow irrigation pumps to be turned on and off at preset times and use electrical conductivity and pH sensors to determine exactly when and how much of each fertilizer is injected on a daily basis (Falivene, 2005) .
Fertigation is typically considered a very efficient way to apply fertilizers (Kafkafi and Tarchitzky, 2011) . When used in conjunction with drip, plant nutrients can be applied directly to the root zone. Because most roots in drip irrigated crops are located near the drip emitters, diffusion-limited nutrients such as NH 4 -N and P can be placed in the soil region containing the highest root density, reducing ion diffusion distance as well as the potential for soil. Fertigation may also facilitate efficient use of mobile nutrients, including NO 3 -and urea-N (Ehaliotis et al., 2010; Quiñones et al., 2003) , although excessive water application will quickly reduce efficiency if the fertilizers are pushed below the active root zone (Hanson et al., 2006) . Other factors affecting fertigation efficiency include root growth and stage of crop development. In many perennial crops, young plantings irrigated by drip or those recently converted to drip usually have very few roots located near the drip emitters during the first few months after planting or conversion. Under these circumstances, application of granular fertilizers may be more efficient until the root system develops. Weekly N fertigation, for example, was less efficient than a triplesplit application of granular fertilizer during the first year after planting in blueberry (Fig. 2) . By the end of the first season, the young plants required only half as much N from granular fertilizer as from fertigation to achieve the same amount of growth and leaf N levels. However, the potential for crop growth was greater with fertigation when more N was applied. Improved growth was particularly apparent by the end of the second season where 150 kgÁha -1 N applied by fertigation produced nearly twice the canopy cover of any amount of granular fertilizer (Fig. 2) . Greater growth in this case was not due to higher N use efficiency with fertigation but to less salt stress associated with slowly feeding the fertilizer through the drip system (Bryla and Machado, 2011) .
FOLIAR. Soluble fertilizers can be applied as a foliar spray using a hand sprayer, a spray rig, or an aircraft. Plants respond almost immediately to foliar sprays, making them useful for quickly correcting nutrient deficiencies. Foliar sprays may also increase fertilizer use efficiency compared with soil-applied nutrients (Rosecrance et al., 1998) , although when macronutrients such as N are applied, repeated applications are often needed to meet the total annual requirements of the crop (Johnson et al., 2001; Reickenberg and Pritts, 1996) . Nitrate leaching was reduced, for example, when apple trees were treated with repeated urea foliar applications compared with the same amount and timing of soil applied urea (Dong et al., 2005) . However, as leaves have a limited ability to absorb nutrients, a significant portion of the foliar fertilizer may drip off the leaves and may be absorbed ultimately by the roots (Reickenberg and Pritts, 1996; Strik et al., 2004) .
Foliar sprays are most widely used to apply micronutrients (Mortdevt, 2011) . A sticker-spreader agent helps the spray adhere to the foliage and is often recommended when applying micronutrient solutions. Foliar sprays are commonly used to correct micronutrient deficiencies in numerous horticultural crops, including many fruit and vegetable, floriculture, and landscape plants.
MICROINJECTION. Microinjection of fertilizer is used by the landscape industry to remedy or invigorate trees demonstrating stress or decline symptoms, particularly when soil application of fertilizer is impractical (e.g., urban environments). The fertilizer is either injected as solution or solidified into gelatin capsules and imbedded into holes drilled in the trunk. The tree then takes up the material through its xylem, whereby the fertilizer is distributed throughout the tree. This technique is best performed in the spring or fall when sap flow within the tree is highest. It works in many different tree species, although some such as american elm (Ulmus americana) contain ring-porous xylem (whereby most of the water transport is confined to the outermost growth layer) and therefore are unable to take up large quantities of nutrients this way (Evert, 2006) . Several concerns with microinjection include trunk disfigurement and decay associated with boring the holes and imbedding or injecting the fertilizer and uneven distribution of the fertilizer within the tree crown. It is generally regarded as a short-term solution for nutrient deficiencies but is often coupled with injection of pesticides and fungicides. Soil and foliar fertilizers are often needed for a permanent cure.
Summary and suggestions for future improvements
Application of fertilizers in the ''right'' place involves matching the location of the applied nutrients to a position in the soil that is readily assessable to the crop roots. Potential benefits include enhanced seed germination and emergence, improved plant establishment, higher yields and better crop quality, reduced weed competition, and increased profitability. Proper placement can also improve fertilizer use efficiency, helping to reduce nutrient losses associated with nutrient volatilization, runoff, leaching, and soil erosion. Numerous methods have been developed and used to apply fertilizers, but the best choice often varies among nutrients and fertilizers and differs depending on the crop and its associated root development, soil type and the overall soil fertility, the accompanying cultural practices implemented, the stage of crop development, and regional weather conditions. Overall, the ''right'' placement of fertilizers is an important component of proper ''4R'' nutrient management and must be considered in combination with selection of the ''right'' fertilizer source (Gaskell and Hartz, 2011) , the ''right'' fertilizer rate (Santos, 2011) , and the ''right'' time to apply the fertilizer (Mattson and van Iersel, 2011) . The concept is applicable to most any crop grown in nearly any type of horticultural system. Considerable research has been done over the years to increase our understanding of nutrient movement in soils and its relationship to root development and plant nutrient uptake. However, while we now have much general knowledge, there is still little operative know-how for many crops of where exactly fertilizer placement is most effective. For example, we still have a limited understanding of the interactive effects among irrigation, fertilizer placement, and root growth. What is the effect of liquid vs. granular fertilizer in relation to soil water availability? Should fertilizer placement differ during rainy months than during drier times of the year when irrigation is needed? Is the optimum number and placement of drip emitters the same for irrigation as it is for fertigation? What is the rooting pattern of different plant species, and how is rooting affected by fertilizer supply and irrigation regime?
Studies in deciduous fruit trees indicate that wetting only 20% of the potential root system is sufficient to maximize yield (Boland et al., 2000a (Boland et al., , 2000b . Does this hold true for nutrient uptake? If so, this emphasizes the importance of having roots in the right place; i.e., the spatial element of root development may be more important than root quantity. How do we improve crop rooting to increase efficiency of fertilizer application? Rooting varies considerably among genotypes, and certain traits favorable for nutrient capture could be selected during breeding. Large differences in rooting depth occur among vegetables; e.g., lettuce, leek (Allium ampeloprasum var. porrum), and onion are shallow-rooted; carrot is intermediate; and Brassicaceae species are often deep-rooted. This gives rise to different amounts of mineral N in the soil at harvest.
Research in Denmark focused on finding catch crops that make efficient use of such residues (ThorupKristensen, 2001 ). This approach, which optimizes the capture of applied N and other nutrients, could easily be used elsewhere and perhaps for other cropping systems. Certain management practices such as soil tillage, planting distribution, and crop rotation could also be manipulated toward improving placement of fertilizers. Through breeding and successful nutrient management of horticultural crops, we can ultimately ensure that selected fertilizers are positioned and used as efficiently as possible and that plant nutrients are available when needed for optimum production.
